INTRODUCTION
Glaciers integrate the effects of climate over a large area. The results are recorded by variations in the position of the terminus. Annual monitoring of glacier front variations is a simple and straightforward procedure that requires relatively unsophisticated techniques and instruments. Nevertheless, such monitoring produces some of the most important information needed to understand the nature of glaciers; in many cases it reveals the history of climate in regions where little other meteorological information is available (Houghton and others, 2001) .
To be able to evaluate the reaction of a glacier to climate change, each glacier must be analyzed carefully. In general, the growth and decay of glaciers depends on the climate through the surface mass balance. The main climatic factors that affect the mass balance of a glacier are radiation and air temperature during the summer or ablation season, and precipitation during the winter or accumulation season (Meier, 1965; Bamber and Payne, 2004) . The reaction of the snout of a surge-type glacier to variations in mass balance is masked by advance and retreat caused by surges, and surgetype glaciers are therefore of little use as climate-change indicators. Composite outlet glaciers coming from source areas with variable characteristics may interact in such a way that their reaction at the terminus is not easily interpreted. Several factors other than climate may in some cases influence the mass balance; these factors have to be carefully considered in an analysis of glacier front variations in terms of climate history. Such factors can be geothermal or volcanic activity, debris on the glacier surface and calving in a lake or the ocean, to mention a few factors.
In Iceland the climate during the 20th century was much warmer than during at least the previous four centuries (Bergþó rsson, 1969) , but with a distinct cooling during the period 1965-85, particularly in an area stretching from Labrador, Canada, to Iceland (Hanna and others, 2004) . Three sudden perturbations in temperature and a welldocumented history of glacier variations makes Iceland a good place to investigate the relation in space and time between temperature variations and fluctuations in the length of the glacier termini.
The purpose of this paper is to give a brief overview of available data on terminus fluctuations of Icelandic glaciers since regular monitoring started in the 1930s and show examples of how they reflect variations in the climate of the country.
MONITORING OF GLACIER VARIATIONS
Regular monitoring of variations of glacier termini in Iceland was started in 1930 (Eyþó rsson, 1931) (Fig. 1) . Since 1951, the Iceland Glaciological Society has been responsible for the monitoring (Sigurðsson, 1998) . Measurements are carried out by laypeople in the fall of each year, preferably in September or October, but occasionally at other times of the year. Benchmarks (usually two stone cairns or metal poles) have been established at a safe distance in front of a glacier terminus. The measurements of the distance from the benchmarks to the glacier margin are typically made with a tape but sometimes, particularly in previous times, with a string of known length or even by pacing the distance between the benchmark and the terminus.
During the first three to four decades, reports about terminus position were delivered in personal letters to J. Eyþó rsson, meteorologist at the Icelandic Meteorological Office, who initiated the monitoring programme. Since 1967 most of the reports have been filled out on a form designed for this purpose. In most cases, the measurement is accompanied by a description and sometimes a photograph of the situation at the snout. Occasionally, the report includes a forecast of what is to be expected in the near future. Usually, the same people carry out the measurements for many years or even decades. The record is 59 consecutive visits by farmer G. Gunnarsson who started his monitoring in 1947. In some cases, the monitoring of a particular glacier has been carried out by members of the same family since the start of the monitoring programme in the 1930s. Figure 2 shows the number of glacier termini measured each year.
Most glaciers with a fairly large elevation range have a well-defined terminus, which poses no problems in identifying the margin. Occasionally the snout is covered with debris, which inhibits melting to some degree and obscures the glacier margin. Marginal lakes are sometimes obstacles in accessing the terminus. Undulating terrain may cause relatively large or small annual variations, but these tend to even out in the long run. During colder periods, the snouts of glaciers with a limited elevation range may be concealed by snow, even in late summer. Therefore, some glaciers were not measured for some period of time, and the variation records of the termini of small glaciers tend to have breaks and are often incomplete. The measurements are published annually in the periodical Jö kull, and in Fluctuations of glaciers by the World Glacier Monitoring Service (WGMS) at 5 year intervals.
Monitoring of mass balance was started in 1988 (Bjö rnsson and others, 2002; Sigurðsson and others, 2004; Sigurðsson, 2005a ). Four of the major ice caps are now included in this programme which is run by the Hydrological Service of the National Energy Authority of Iceland and the Institute of Earth Sciences of the University of Iceland. The results of the mass-balance measurements are published biannually by the WGMS in the Glacier Mass Balance Bulletin series (Haeberli and others, 2005) .
The outlines of all 276 identified glaciers in Iceland have been traced as of approximately the year 2000, using mainly satellite images but also vertical and oblique aerial photographs, and direct field observations where these were needed to correctly identify the ice margin. This dataset forms a baseline for monitoring future changes in the area covered by glaciers in the country (these outlines can be viewed at http://gullhver.os.is/website/hpf/orkustofnun_ english/viewer.htm). The total area of the glaciers in 2000 was found to be 11 048 km 2 . 
CLIMATE DURING THE 20TH CENTURY
There are large decadal variations of temperature in Iceland and these have persisted throughout the 200 year long period of instrumental observations. The year-to-year variability and north-south temperature gradient during the last 100 years seem to have been smaller than during the colder 19th century. This can be attributed to the larger sea-ice cover in the earlier period (see, e.g., Ogilvie and Jó nsson, 2001; Hanna and others, 2004) . The warming from the 1920s, which was evident during the winter season from earlier in that decade and continued until reaching an abrupt end in 1965, lasted for a shorter period in the summer. The increase in the summer temperatures started later, and the summer warmth was already in decline by the late 1940s. There has been a marked warming in recent decades, during both winter and summer (Fig. 3) . While the temperature variations are larger in the north than in the south, they are more or less synchronous over the entire country. The cold period from 1965, which came to an end in two steps around 1985 and 1995, abated slightly earlier in the east than in the west (Hanna and others, 2004) .
Annual and decadal variations in precipitation show more local variability than the temperature. During the early 20th century, precipitation was only measured at a few stations, but a generally wet period lasting to the early 1930s seems to have been interrupted by a dry spell in the mid-to late 1910s. There was a general decrease in precipitation from the 1930s to the 1960s, but then an increase until about 1995 (Fig. 3) . During the last 40 years, decadal variations have been prominent, with comparatively high precipitation in the 1970-76 period and around 1990 (Hanna and others, 2004) . 
GLACIER VARIATIONS DURING THE 20TH CENTURY
Most glaciers in Iceland reached their maximum postglacial extent around 1890 (Bjö rnsson, 1979; Sigurðsson, 2005b) . During the first quarter of the 20th century, retreat was notable but not rapid (Björnsson, 1998) . The abrupt increase in temperature that occurred about 1925 (Fig. 3 ) was accompanied by a rapid retreat of glacier fronts all over Iceland (Eyþó rsson, 1931 (Eyþó rsson, , 1963 Sigurðsson, 1998) . By 1960, all monitored glaciers had retreated from their 1930 position, although typically 10-20% of the glacier termini were advancing each year (Jó hannesson and Sigurðsson, 1998) . The rate of retreat slowed down as the climate cooled gradually during the 1940s and 1950s. Almost all non-surgetype glaciers advanced to a varying degree for two to three decades following the 1960s and then returned to retreating during the 1990s, particularly after 1995, as temperatures began rising rapidly (Fig. 3) , with 2002-04 the warmest 3 year period during the almost 200 year long instrumental record. By 2000, all monitored non-surge-type glaciers were retreating (Sigurðsson 2005b) .
The mass-balance measurements of the main ice caps show alternating positive and negative mass balance of glaciers during the period 1987-95, but the mass balance has been predominantly negative since 1996 (Fig. 4) . According to the mass-balance measurements, the variations in the summer balance are much greater than in the winter balance, which indicates the importance of summer temperature in the net balance.
REACTION OF GLACIER TERMINI TO TEMPERATURE VARIATIONS
Terminus variations of about 60 different glaciers (outlet glaciers, cirque glaciers, etc.) since 1930 are documented in the glacier-variations database of the Iceland Glaciological Society. Half of those have a fairly complete record extending for several decades. They vary in area from <1 to about 1700 km 2 and in length from 1 to 50 km (Sigurðsson, 1998 (Fig. 6 ) in the Snaefellsjö kull ice cap and Só lheimajökull (Fig. 7) in the Mýrdalsjö kull ice cap (Table 1) .
It has previously been shown that front variations of Só lheimajökull (Fig. 5 ) follow very closely a snow-budget index derived from temperature and precipitation records from meteorological stations in Iceland (Sigurðsson and Jó nsson, 1995) . In Figures 8-10 , annual front variations of Hyrningsjö kull and Só lheimajö kull are compared with the mean extended summer temperature (May-September) at the meteorological station in Stykkishó lmur in 7 year running means. The 7 year running mean is somewhat arbitrarily chosen based on trial and error, to reduce interannual scatter but at the same time maintain the amplitude of fluctuations in the climate and terminus position that last longer than a few years. In a few cases in the initial decades of the series, missing annual values have been estimated by annual averages for measurements spanning 2-3 year periods. The coefficient of determination of annual variations in terminus position with temperature is very good for Só lheimajö kull (r 2 ¼ 0.66) and slightly lower for Hyrningsjö kull (r 2 ¼ 0.55). This high coefficient of determination indicates that variations of the two non-surge-type glaciers are strongly correlated in time with mass balance, which in turn is predominantly dependent on summer temperature. Most other non-surge-type glaciers in Iceland start their retreat or advance more or less contemporaneously (Fig. 5 ). This indicates that glacier termini react to (sufficiently large) mass-balance changes quite promptly, with a delay of only a few years. It is notable that the variations of the two glaciers are qualitatively quite similar, in particular the timing of the reversal from advance to retreat during the 1990s, in spite of their very different size and geometry. This relationship is likely to improve if the effect of precipitation variations is included, for example by using a mass-balance model (Greuell, 1992) . Also, more detailed considerations of the response time of the glaciers (Jó hannesson and others, 1989; Harrison and others, 2001) are needed in order to interpret the terminus variations quantitatively in terms of climate history (Oerlemans, 2005) . It should be noted that the high correlation between temperature and annual advance or retreat evident in Figure 10 may be expected to depend crucially on the rather rapid climate changes in Iceland during the 20th century. If, for example, the glaciers started to approach a new equilibrium corresponding to a warmer climate, the annual retreat would approach zero for a constant temperature change, which would obviously not agree with the statistical relationship indicated by the distribution of data points in the figure. Such a departure from a simple linear relation may be the cause of the systematic deviation of data points from different periods from the regression lines. For example, the data points for Hyrningsjö kull from the early part of the monitoring period, when the glacier was comparatively large, cluster below the regression line, but the more recent data points, when the glacier had become smaller, tend to be located above the line. Thus, the statistical relationships shown by the regression lines in Figure 10 should not be interpreted as a general physical relation between summer temperature and annual advance or retreat, but simply as a graphical representation of these particular data, which interestingly shows a nearly linear distribution for this period. It should also be noted that the fast reaction of the glacier terminus to a change in climate does not mean that the glacier has fully adjusted to the change. Thus, the rather fast reaction time indicated by Figures 8-10 does not imply a short response time, because the response time measures the length of time over which a change in climate affects the position of the terminus, not the length of time until it can first be detected at the terminus (Jó hannesson and others, 1989; Haeberli, 1995) .
CONCLUSIONS
During the 20th century, substantial decadal variations of temperature have resulted in distinct variations of glacier termini in Iceland. Changes in summer temperature have been the predominant driving factor in variations of the mass balance of the glaciers. Perturbations in mass balance have caused a reaction of the terminus of non-surge-type glaciers within a few years, a time delay that does not seem to depend much on the size of the glacier. 
